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Summary
Objectives: Cells of the knee meniscus respond to changes in their biochemical and biomechanical environments with alterations in the
biosynthesis of matrix constituents and inﬂammatory mediators. Tumor necrosis factor alpha (TNF-a) is a pro-inﬂammatory cytokine that is
involved in the pathogenesis of both osteoarthritis and rheumatoid arthritis, but its inﬂuence on meniscal physiology or mechanobiology is not
fully understood. The objectives of this study were to examine the hypothesis that cyclic mechanical strain of meniscal cells modulates the
biosynthesis of matrix macromolecules and pro-inﬂammatory mediators, and to determine if this response is altered by TNF-a.
Methods: Cells were isolated from the inner two-thirds of porcine medial menisci and subjected to biaxial tensile strain of 5e15% at
a frequency of 0.5 Hz. The synthesis of proteoglycan, protein, nitric oxide (NO), and prostaglandin E2 were determined.
Results: Cyclic tensile strain increased the production of nitric oxide through the upregulation of nitric oxide synthase 2 (NOS2) and also
increased synthesis rates of prostaglandin E2, proteoglycan, and total protein in a manner that depended on strain magnitude. TNF-a
increased the production of NO and total protein, but inhibited proteoglycan synthesis rates. TNF-a prevented the mechanical stimulation of
proteoglycan synthesis, and this effect was not dependent on NOS2.
Conclusions: These ﬁndings indicate that pro-inﬂammatory cytokines can modulate the responses of meniscal cells to mechanical signals,
suggesting that both biomechanical and inﬂammatory factors could contribute to the progression of joint disease as a consequence of altered
loading of the meniscus.
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SocietyIntroduction
The meniscus is a wedge-shaped ﬁbrocartilaginous struc-
ture in the knee joint that plays an essential biomechanical
role in load transmission1e4, shock absorption5,6, joint
stability7,8, and lubrication9. The crucial role of the meniscus
in the normal function of the knee is evidenced by the
accelerated onset of osteoarthritis following meniscec-
tomy10e19. The severity of cartilage damage is generally
proportional to the extent of the meniscal loss, as shown by
studies of meniscal injury or partial meniscectomy20e23.
These ﬁndings suggest that even minor changes in the
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health of the joint.
The meniscus is composed of approximately 75% water,
20% collagen (predominantly type I), with smaller amounts
of proteoglycans and non-collagenous proteins, lipids and
cells24,25. Extracellular matrix is synthesized and main-
tained by several subpopulations of cells (often termed
‘‘ﬁbrochondrocytes’’) that have a range of ﬁbroblastic or
chondrocytic phenotypes26e29. These cells are sparsely
distributed throughout the matrix and occupy a small
fraction (!10%) of the total tissue volume30. Similar to
other cartilaginous tissues31, the metabolic activity of
meniscal cells is strongly inﬂuenced by mechanical
stress32e37, as well as other factors in the microenviron-
ment such as cytokines38,39 or extracellular matrix compo-
sition40. For example, limb immobilization of embryonic
chicks results in the complete absence of the meniscus in
late stage embryos41. Treadmill exercise in rats increases
collagen and proteoglycan contents in menisci37, while
stress deprivation caused by joint immobilization leads to
a decrease in aggrecan gene expression32. Furthermore,
there is a clinical correlation between lifelong athletic
activity and meniscal degeneration in asymptomatic
knees42. Taken together, these studies suggest that the6
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inﬂuence the health and function of the knee joint.
The mechanisms by which mechanical factors inﬂuence
meniscal cell physiology are not fully understood. Pro-
inﬂammatory cytokines such as interleukin 1 (IL-1) and
tumor necrosis factor alpha (TNF-a) likely contribute to the
degenerative and inﬂammatory changes that occur in the
pathogenesis of osteoarthritis and rheumatoid arthritis43e48.
The inﬂammatory activities of TNF-a within the joint are, at
least in part, due to increased production of small pro-
inﬂammatory mediators such as nitric oxide (NO) and
prostaglandin E2 (PGE2)
49. Inhibitors of nitric oxide syn-
thase (NOS) delay the onset and decrease the severity of
arthritis50,51. Importantly, meniscal cells exhibit signiﬁcant
pro-inﬂammatory capabilities, and these cells can syn-
thesize signiﬁcant quantities of NO or PGE2 in response
to IL-1, interleukin 17, or TNF-a35,39,52. In cartilaginous
tissues, the synthesis and action of pro-inﬂammatory
mediators can also be inﬂuenced by mechanical
stress53e56. Speciﬁc to the meniscus, dynamic compres-
sion of meniscal explants increases the production of NO
via the inducible form of nitric oxide synthase (NOS2)33.
Stretch of meniscal cells abrogates the effects of IL-1 on
proteoglycan synthesis in temporomandibular joint ﬁbro-
chondrocytes by inhibiting both the NOS2 and cyclo-
oxygenase 2 (COX2) pathways57, while IL-1 inhibits the
anabolic effects of dynamic compression through a NO-
mediated pathway35.
The objective of this study was to examine the hypothesis
that cyclic mechanical strain alters the production of protein,
proteoglycan, NO, and PGE2 by meniscal cells. Further-
more, we hypothesized that this response is altered by
TNF-a. Isolated meniscal cells were subjected to cyclic
biaxial tensile strain in the absence or presence of TNF-a,
and the synthesis of matrix macromolecules and pro-
inﬂammatory mediators was determined.
Methods
MENISCAL CELL ISOLATION AND CULTURE
Medial menisci of 2e3-year-old skeletally mature female
pigs were removed under sterile conditions, and the inner
two-thirds of each meniscus were separated from the
ligamentous attachments, synovium, and adipose tissue.
Each sample was rinsed twice in 10 ml of Dulbecco’s
Modiﬁed Eagle Medium (DMEM, Gibco; Grand Island, NY)
with 1000 U/ml penicillin, 1 mg/ml streptomycin, and 2.5
mg/ml fungizone (Bio-Whittaker; Walkersville, MD). The
menisci were transferred to a sterile petri dish and minced.
This tissue was sequentially digested with 1320 PUK/ml
Pronase (Calbiochem; La Jolla, CA) for 90 min, washed
three times, and further digested with 0.4% Collagenase I
(Worthington; Lakewood, NJ) for 180 min. Digested tissue
was passed through a 70 mm cell strainer and washed three
times with 10 ml of tissue culture medium [DMEM, 10%
FBS (Sigma; St. Louis, MO), 100 U/ml penicillin, 100 mg/ml
streptomycin, 0.25 mg/ml fungizone, 1% HEPES (Gibco),
and MEM non-essential amino acids (Gibco)].
DOSE RESPONSE OF MENISCAL CELLS TO TNF-a
The effects of TNF-a on meniscal cell metabolism were
examined over a range of concentrations. For each
experiment, 5! 104 cells were plated in 1 ml of media in
48-well plates. After 72 h, media were removed and
replaced with 1 ml of OptiMEM (Gibco) containing37.5 mg/ml ascorbate-2-phosphate, 20 mCi/ml 3H-proline,
and 10 mCi/ml 35S-sulfate. Groups of six samples were
treated with 0e100 ng/ml recombinant porcine TNF-a (R&D
Systems; Minneapolis, MN) for 24 h. Cells were harvested
for measurement of protein and proteoglycan synthesis,
and NO production was measured in the media. The role of
NOS2 was determined using the NOS2-selective inhibitor
N-(3-(aminomethyl)benzyl)acetamide.2 HCl (1400W, 2 mM)
or the non-selective NOS inhibitor N G-monomethyl-L-
arginine.monoacetate (NMMA, 2 mM).
BIAXIAL STRAIN EXPERIMENTS
To study the effects of cyclic biaxial strain on meniscal
cell metabolism, 2.5! 105 cells/well were plated in 250 ml
media on 6-well BioFlex ﬂexible-bottom culture plates
coated with type I collagen (Flexcell International; Hills-
borough, NC) and allowed to attach for 30 min before
adding an additional 2 ml of culture media. This procedure
restricted the cells to the center of the silicone membrane
where strain is relatively uniform58. The cells were in-
cubated at 37(C, 5% CO2, 95% air for 48 h prior to
a controlled regimen of substrate strain. Media were
replaced with 2 ml OptiMEM (Gibco) serum-free media
and samples were cultured for another 24 h. These media
were then removed and replaced with 2 ml OptiMEM
(Gibco) containing 37.5 mg/ml ascorbate-2-phosphate,
20 mCi/ml 3H-proline, and 10 mCi/ml 35S-sulfate (Perkin
Elmer; Boston, MA) to determine the rates of protein and
proteoglycan synthesis, respectively.
Biaxial tensile strain was applied to the cell substrate at
magnitudes of 5%, 10%, or 15% strain at a frequency of
0.5 Hz (sinusoidal waveform) for 24 h at 37(C (FX3000,
Flexcell International). The cells were approximately 90%
conﬂuent when the biaxial stretch experiments were
initiated. To determine the interaction of TNF-a and stretch,
1 ng/ml TNF-a was added to the media. To determine the
rates of protein and proteoglycan synthesis, the media was
supplemented with 20 mCi/ml 3H-proline and 10 mCi/ml
35S-sulfate, respectively (Perkin Elmer; Boston, MA).
BIOCHEMICAL ANALYSES
After application of the mechanical regimen, the media
were removed and stored at 80(C. Cells were washed
four times with 3 ml of PBS containing 8 mM NaSO4 and
1 mM proline to remove unincorporated radiolabel. The
monolayer was digested with 125 mg/ml papain (Sigma),
0.1 M NaH2PO4H2O (Merck; Darmstadt, Germany), 5 mM
EDTA (Merck), and 5 mM cysteine HCl (Sigma) at 37(C for
15 min. Samples were incubated at 60(C for 24 h to allow
for complete digestion, and Bio-Safe II scintillation cocktail
(Research Products International; Mt. Prospect, IL) was
added. Radioactive incorporation of 3H-proline and
35S-sulfate determined using a Liquid Scintillation Analyzer
(Model 1900TR, Packard Instruments; Meriden, CT).
Nitric oxide production was determined by measuring the
concentration of nitrate and nitrite (term ‘‘NOx’’) in the media
by techniques previously described59. Brieﬂy, nitrate was
enzymatically reduced to nitrite by the addition of nitrate
reductase (Boehringer Mannheim) and quantiﬁed spectro-
photometrically via the Griess reaction with absorbance
read at 540 nm and interpolated with a sodium nitrate
(Sigma) standard curve using a plate reader (GENios,
Tecan Instruments; Maennedorf, Switzerland). Prostaglan-
din E2 was measured using a commercially available ELISA
kit (Prostaglandin E2 Immunoassay, R&D Systems).
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To determine the effects of strain, data from each group
were compared using an unpaired Student’s t-test (control
vs strain). In cases requiring multiple comparisons, analysis
of variance (ANOVA) with Duncan’s Multiple Range post
hoc comparison was used. The doseeresponse effect of
TNF-a was analyzed by one-factor ANOVA, while the
interaction of strain with TNF-a was analyzed by two-factor
ANOVA (strain and TNF-a). Statistical signiﬁcance was
reported at a 95% conﬁdence level (p! 0.05).
Results
EFFECTS OF TNF-a ON MENISCAL CELLS
The inﬂuence of TNF-a on meniscal cells was examined
from 0 to 100 ng/ml. TNF-a increased NO production in
a dose-dependent manner, which was statistically signiﬁ-
cant at concentrations of 0.1 ng/ml and higher, compared
with the untreated cells [Fig. 1(a)]. The induction of NO by
TNF-a was inhibited by a non-selective NOS inhibitor
(NMMA) or a selective NOS2 inhibitor (1400W) [Fig. 1(b)].
TNF-a induced a dose-dependent decrease in 35S-sulfate
incorporation that was statistically signiﬁcant at 0.1 ng/ml
Fig. 1. Effects of TNF-a on meniscal cell NO production. (a) Nitric
oxide production measured as total NO (NOx) (nitrate plus nitrite,
mM/2.5! 105 cells/24 h) by porcine meniscal ﬁbrochondrocytes
cultured for 24 h in medium supplemented with 0e100 ng/ml
TNF-a. Meniscal cells showed a dose-dependent increase in
NO production with increasing concentrations of TNF-a. Data are
presented as meanG S.E.M., nZ 6, *p! 0.05 vs control. (b) Nitric
oxide production measured as total NO (NOx) by porcine meniscal
cells cultured for 24 h in medium supplemented with 1 ng/ml TNF-a
or 1 ng/ml TNF-aC 2 mM 1400W (a NOS2-selective inhibitor) or
2 mM NMMA (a non-selective NOS inhibitor). Inhibition of NOS2
decreased NO production to baseline levels. Data are presented
meanG S.E.M., nZ 18. *p! 0.05 vs all other groups.and higher, compared with untreated cells [Fig. 2(a)].
TNF-a treatment also resulted in a dose-dependent
stimulation of 3H-proline incorporation, which was statisti-
cally signiﬁcant at concentrations of 1 ng/ml and higher,
compared with untreated cells [Fig. 2(b)].
EFFECTS OF BIAXIAL STRETCH ON MENISCAL CELLS
Cyclic biaxial stretch of meniscal cells enhanced NO
production by 7e25%, levels that were statistically signif-
icant compared with the control cells from the same pig at
all strain magnitudes [Fig. 3(a)]. Prostaglandin E2 pro-
duction was signiﬁcantly increased by approximately 25%,
compared with unstretched controls, but only at the highest
strain magnitude of 15% [Fig. 3(b)].
The effects of biaxial stretch on proteoglycan and protein
synthesis were dependent on the magnitude of strain, with
signiﬁcantly increased proteoglycan synthesis rates com-
pared with unstretched controls at 5 and 15% [Fig. 3(c)],
and signiﬁcantly increased protein synthesis rates at 10%
strain [Fig. 3(d)].
THE INTERACTION OF TNF-a AND BIAXIAL STRETCH
ON MENISCAL CELLS
To examine the interaction of mechanical strain and
TNF-a on matrix biosynthesis, meniscal cells were
Fig. 2. Effects of TNF-a on meniscal cell sulfate and proline
incorporation. (a) Proteoglycan synthesis (35S-sulfate incorpora-
tion) by meniscal cells was measured over 24 h in medium
supplemented with 0e100 ng/ml TNF-a. TNF-a at concentrations
of 0.1 ng/ml and greater signiﬁcantly inhibited proteoglycan
synthesis rates, compared with control cells. (b) Protein synthesis
(3H-proline incorporation) by meniscal cells under the same
conditions. TNF-a at concentrations of 1 ng/ml and greater
signiﬁcantly stimulated total protein synthesis, compared with
control cells. Data are presented as meanG S.E.M., nZ 6,
*p! 0.05 vs control.
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absence or presence of 1 ng/ml TNF-a. This strain was
selected based on the doseeresponse study of strain
magnitude that showed signiﬁcant increases in proteogly-
can and nitric oxide production, but not collagen or PGE2
production, at 5% strain.
Biaxial strain induced a signiﬁcant increase in proteogly-
can synthesis compared to unstretched controls [Fig. 4].
Incubation with TNF-a reduced proteoglycan synthesis in
unstretched cells by approximately 30% compared with the
control cells that had not been treated with TNF-a or been
subjected to biaxial stretch. TNF-a effectively blocked the
strain-induced increase in proteoglycan synthesis. How-
ever, blocking NO production with the selective NOS2
inhibitor 1400W did not restore the stimulatory response of
strain.
Cyclic biaxial strain (5%) signiﬁcantly increased NO
production [Fig. 5], as did TNF-a, relative to unstretched
controls. The combination of tensile strain plus TNF-a
caused a signiﬁcant increase in NO production relative to
unstretched controls, but the effect of TNF-a and stretch
together was similar to that of either stimulus separately.
Discussion
The results of this study indicate that mechanical stretch
has a signiﬁcant effect on the biosynthetic and pro-
inﬂammatory response of meniscal cells in monolayer
culture. Cyclic biaxial tension increased the synthesis of
NO, PGE2, proteoglycan, and total protein in a manner that
Fig. 3. The effects of different biaxial strain magnitudes (24 h,
0.5 Hz) on meniscal cell activity. (a) Cyclic biaxial stretch of
meniscal cells increased NO production by 7e25%, which was
statistically signiﬁcant at all strain magnitudes. (b) Prostaglandin E2
production was signiﬁcantly increased by approximately 25% at the
highest strain magnitude of 15%. (c) The effect of biaxial stretch on
proteoglycan synthesis was dependent on the magnitude of strain,
with signiﬁcantly increased proteoglycan synthesis at 5 and 15%.
(d) Biaxial stretch signiﬁcantly increased protein synthesis at 10%
strain. Data are presented as % control of the same animal,
meanG S.E.M., nZ 18. *p! 0.05 vs unstretched controls.was dependent on strain magnitude. TNF-a prevented the
stimulatory effects of strain on proteoglycan synthesis,
suggesting that pro-inﬂammatory cytokines in the joint could
modulate the normal effects of mechanical stress on
extracellular matrix turnover in the meniscus. These factors
could, in part, contribute to the progression of joint disease
as a consequence of altered loading of the meniscus.
Our ﬁndings show that either biaxial strain or TNF-a
increased the synthesis of NO. This ﬁnding is consistent
with previous studies on meniscal explants showing that
dynamic mechanical compression33,35 or pro-inﬂammatory
cytokines such as TNF-a or IL-139,52 increase NO pro-
duction and NOS2 expression. Production of both NO and
PGE2 were greatest at the highest strain, supporting the
hypothesis that higher range of strain magnitudes (15%)
may be pro-inﬂammatory, while lower strain magnitudes
(5e10%) may promote matrix biosynthesis60,61.
The magnitudes of applied strain in this study encompass
a range of physiologic tensile strains predicted to exist
within the meniscus. Although the meniscus experiences
compression during normal activity due to contact with the
tibial and femoral articular surfaces, joint loading induces
spatial and time-varying stresses at tissue level, including
tension, compression, shear, and hydrostatic pres-
sure12,62,63 that engender a complex mechanical environ-
ment at the cellular level64e67. In particular, the wedge-like
cross-section of the meniscus causes radial transmission of
axial loads across the knee joint, producing tension in the
Fig. 4. The effects of strain and TNF-a on sulfate incorporation by
meniscal cells. Proteoglycan synthesis (35S-sulfate incorporation)
by meniscal cells subjected to 5% biaxial strain in medium
supplemented with 1 ng/ml TNF-a or 1 ng/ml TNF-aC 2 mM
1400W. Data are presented as meanG S.E.M., nZ 18. *p! 0.05
vs control (no strain); **p! 0.05 vs control with no strain and vs
control with strain.
Fig. 5. The effects of mechanical strain and TNF-a on meniscal cell
NO production. NO production was determined for meniscal cells
subject to 5% biaxial strain in medium supplemented with 1 ng/ml
TNF-a. Data are presented as meanG S.E.M., nZ 18. *p% 0.05 vs
control (no strain).
960 B. Fermor et al.: Effects of stretch on meniscal cellsradial periphery and circumferentially oriented collagen
ﬁbers. This radial transmission of compressive forces
causes cells to experience tension as well as compression
in situ62. It is important to note that previous studies have
shown that intermittent compression of the meniscus may
also have signiﬁcant effects on the production of inﬂamma-
tory mediators as well as matrix biosynthesis33,35.
The ﬁndings of this study extend the previous work of
Agarwal et al.57, who ﬁrst examined the effects of substrate
stretch (6% strain at 0.05 Hz) on the activity of ﬁbrochon-
drocytes isolated from the temporomandibular joint. Their
study reported that mechanical stretch alone did not affect
the activity of meniscal cells, but concomitant application of
tensile strain and IL-1 abrogated the catabolic effects of IL-1
by inhibiting NOS2, COX2, and matrix metalloproteinase 1
(MMP-1) mRNA expression and protein synthesis. The
differences between these studies may be due to the
different frequencies of strain (0.5 Hz vs 0.05 Hz), which
may have a signiﬁcant inﬂuence on the cellular response to
mechanical stimuli31,68. Another potentially important differ-
ence is that the present study examined the synthesis of
proteoglycan associated with the cell and extracellular
matrix within the monolayer, whereas previous studies have
generally measured the release of proteoglycans into the
culture media57.
In our studies, TNF-a signiﬁcantly reduced both the
baseline and mechanically induced 35S-sulfate incorpora-
tion to below control levels, but increased the rate of total
protein synthesis as measured by 3H-proline incorporation.
Previous studies examining the interaction of mechanical
strain with TNF-a in a different cell type (articular
chondrocytes) showed that strain antagonizes TNF-a ac-
tions and acts as an anti-inﬂammatory signal by reducing
expression of mRNA of pro-inﬂammatory proteins involved
in catabolic responses, such as NOS2, COX2, and
collagenase69. Our ﬁndings are generally consistent with
this report69, showing that mechanical strain can decrease
the induction of NO by TNF-a. In the present study,
however, the suppressive effects of TNF-a on proteoglycan
synthesis were not altered by mechanical strain. Similar to
the effects of IL-135, TNF-a appeared to inhibit the normal
stimulatory effect of mechanical stress on proteoglycan
synthesis by meniscal cells. The effect of IL-1 on the
response of the meniscus to mechanical compression
appears to involve the upregulation of NO, as inhibition of
NOS2 restores most of the responses that are inhibited by
IL-135. In the present study, however, inhibition of NOS2 did
not restore the mechanical stimulation of proteoglycan
synthesis, suggesting that the TNF-a effects likely do not
involve the upregulation of NO [Fig. 4].
The response of meniscal cells to stretch shows
similarities and differences to those of intervertebral disc
cells, which also may express a ‘‘ﬁbrochondrocytic’’ phe-
notype70. Cyclic tensile strain was shown to increase NO
production by cells of the rabbit anulus ﬁbrosus, although
this response did not appear to involve NOS256. Further-
more, cyclic stretch inhibited proteoglycan synthesis rates
in anulus ﬁbrosus cells through a NO-mediated pathway56.
In other studies, cyclic stretch of rabbit nucleus pulposus
cells increased cell proliferation and protein synthesis71,
suggesting that the cellular response to stretch may depend
on the zone of origin from the tissue. Similar to the
intervertebral disc, the meniscus is a complex structure
that consists of several ‘‘zones’’ based on distance from the
attachment to the joint capsule30. Cells from these different
zones exhibit signiﬁcantly different phenotypes, ranging
from a more chondrocytic phenotype in the inner regions ofthe meniscus to a more ﬁbroblastic phenotype in the outer
regions72. The cells used in this study were isolated from
the inner two-thirds of the medial meniscus, a region with
differences in anatomy, vasculature, and repair capacity
compared to the outer region of the meniscus30,73. Future
studies examining the response of cells from different zones
in the meniscus to mechanical stimuli may provide further
insights into the interactions of biomechanical and in-
ﬂammatory factors in modulating the physiology of the
meniscus.
Our ﬁndings provide further support for the hypothesis
that cells of the meniscus respond to both their bio-
mechanical and biochemical microenvironments. Further-
more, there is signiﬁcant evidence of signiﬁcant interactions
between biomechanical factors and inﬂammatory pathways
in the meniscus and other joint tissues. Therefore,
alterations in the magnitude or distribution of stresses in
the meniscus subsequent to injury or disease may have
important metabolic and biomechanical consequences on
the overall physiology of the joint.
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